Background: Bone has emerged as an endocrine organ regulating energy metabolism through secretion of osteocalcin. In epidemiological studies, presence of metabolic syndrome (MetS) was associated with lower osteocalcin level. Objectives: We evaluated whether osteocalcin level was associated with MetS severity in men and whether it was more strongly associated with MetS compared with N-terminal propeptide of type I procollagen (PINP), bone-specific alkaline phosphatase (BAP), and C-terminal telopeptide of type I collagen (bCTX). Methods: We included 798 men aged 51-85 years for total osteocalcin measurement. Number of MetS criteria was used to define severity. We used polytomous logistic regression to assess the relationship between MetS severity and osteocalcin level. Results: Thirty percent of men had MetS. In patients with MetS, the higher the number of MetS traits were present, the lower was the average osteocalcin level (0-2 criteria: 551 men: 19.5G6.7 ng/ml, three criteria: 155 men: 19.3G7.4 ng/ml, four criteria: 72 men: 17.3G5.7 ng/ml, and five criteria: 20 men: 15.0G5.1 ng/ml; P for trendZ0.002). In the polytomous logistic regression model, an increase in osteocalcin level of 10 ng/ml was associated with lower prevalence of severe MetS: three criteria (odds ratio (OR)Z0.93 (0.70-1.24)), four criteria (ORZ0.54 (0.34-0.84)), and five criteria (ORZ0.28 (0.10-0.82)) in comparison with no MetS (P for trendZ0.008). After adjustment, using stepwise analysis of the polytomous logistic regression model, we observed that osteocalcin, age, and apparent free testosterone entered in the model but not other bone markers (PINP, bCTX, and BAP). Conclusion: In older Caucasian men, total osteocalcin level was associated with MetS severity. Osteocalcin was more strongly associated with MetS severity than other bone turnover markers.
Introduction
The metabolic syndrome (MetS) is a common metabolic disorder corresponding to the association of several cardiovascular risk factors in one individual (1, 2) . In Western countries, the prevalence of MetS is estimated to be between 34 and 39% of the population (3) . Underlying genetic susceptibility may explain prevalence variations of MetS among ethnic groups (4) . Prevalence of MetS has been rising all around the world. It is favored by the burst of obesity due to the increased prevalence of high-fat diets combined with the general decrease in physical activity (5) . Thus, MetS has recently become a major public health issue around the world, because it is associated with a doubling cardiovascular event risk and a 10-year cardiovascular mortality. This risk is even higher in patients with MetS and type II diabetes (6, 7, 8) . Standard care relies on body weight loss, lifestyle modifications, physical activity, and control of other cardiovascular risk factors such as tobacco consumption. In the onset of MetS, one of the key pathophysiological mechanisms involved is the increase in insulin resistance associated with an excess of circulating fatty acid and low adiponectin (1) .
In 2007, a new function of bone was evidenced with the discovery that the bone-specific protein, called osteocalcin, was a hormone acting on energy metabolism (9) . Osteocalcin is synthesized by osteoblasts and released into blood. However, osteocalcin is secreted predominantly in carboxylated form with high affinity to bone matrix. Therefore, this fraction is embedded in bone matrix during bone formation as a stock waiting for its release upon bone resorption in an undercarboxylated active form (10) . Osteocalcin functions as an upstream regulator of three key hormones involved in energy metabolism. Indeed, osteocalcin targets at least three organs: pancreas, where it promotes insulin secretion; adipocytes, where it stimulates adiponectin expression; and Leydig cells, to favor testosterone production (11, 12) . After the observation of reduced insulin secretion and increased insulin resistance in Osteocalcin-deficient mice, serum osteocalcin level was found to be associated with HbA1c and type II diabetes in humans (13) . On this basis, the implication of osteocalcin in humans was then extended to MetS (14, 15) . Most of the available studies have reported an association between osteocalcin and the absence/presence of MetS. Nevertheless, data concerning MetS severity are scarce. One study was conducted in a population of young Chinese (16) and another one in a Chinese cohort at high cardiovascular risk (17) . To our knowledge, there are no data on the link between osteocalcin level and MetS severity in Caucasian men. Moreover, there is no information whether osteocalcin is more strongly associated with MetS in comparison with other serum bone turnover markers. Thus, we wanted to test whether osteocalcin may be associated with MetS severity in a general study of Caucasian men and whether this association was stronger than the one observed with other bone turnover markers.
Materials and methods

Description of the cohort
The MINOS study is a cohort study of osteoporosis and its determinants in men (18) . It is the result of a collaborative project involving INSERM and Société de Secours Minière de Bourgogne (SSMB), one of the largest local health insurance companies, which covers mineworkers and their families living in the French city of Montceau-les-Mines and its surrounding area. This area represents roughly 35 000 inhabitants. The study was accepted by the local ethics committee and performed in accordance with the Declaration of Helsinki as revised in 1983. Among the 3400 random invitations sent to the men covered by SSMB in 1995-96, 841 men agreed to participate and 799 had a total serum osteocalcin measurement at baseline. One patient with active Paget bone disease was excluded and the current analysis was conducted on 798 men aged 51-85 years ( Fig. 1) . All participants provided informed consent.
In 1996, a non-response bias survey was conducted in 120 initially invited men to ensure that participants who did not respond were not different from those who accepted to participate. No differences in terms of education level, smoking, calcium, and alcohol intake, former professional and current leisure physical activity, 3400 invitation letters sent to randomly selected men 841 agreed to participate and provided informed consent 799 had osteocalcin assessment at baseline 798 patients included in the current analysis
One with a Paget bone disease was excluded Figure 1 Flowchart of patient recruitment to the study.
personal and family history of the fragility fracture, health status, and medication use were observed (19) .
Clinical data
At enrolment, the lifestyle and health status of each patient were collected by epidemiological questionnaire. Cigarette smoking was self-reported and classified as 'never smokers' vs 'ever smokers' (i.e., former and current). Alcohol intake was quantified as the average quantity of alcoholic beverages drunk weekly. Physical activity (leisure sport activity, gardening, and walking) was calculated on the basis of the overall amount of time (h/month). Comorbidities (diabetes, hypertension, and ischemic heart disease) and current medication including vitamin K antagonists were self-reported and dichotomized as yes/no. We verified information using medical prescriptions and previous hospitalization reports. Body weight, height, and abdomen perimeter were measured by a single investigator (P S) according to a standardized procedure.
Biochemical measurements
Fasting blood samples were collected at baseline. All the samples were immediately centrifuged and then frozen. No measurements were performed using fresh blood samples. Serum samples were stored at K80 8C until measurements at 18-20 months. Serum calcium, phosphorus, albumin, and creatinine were assessed using standard laboratory methods. Glucose was measured by the hexokinase method (Modular Analyzer, Roche (20) .
Definition of MetS
We used the recently harmonized definition of MetS (21), requiring the presence of at least three abnormal findings among the following five criteria: elevated fasting glucose (R5.6 mmol/l), elevated blood pressure (systolic R130 mmHg and/or diastolic R85 mmHg), elevated TGs (R1.7 mmol/l), reduced HDL-cholesterol (!1.03 mmol/l), and elevated waist circumference (European threshold: R102 cm).
Statistical analysis
All calculations were performed using SAS 9.3 software version (SAS Institute, Inc., Cary, NC, USA). All P values were calculated using two-tailed test, and values of !0.05 were considered significant. Normality for all parameters was checked on histograms and Q-Q plots. Distributions of blood PINP, BAP, glucose, and TG levels clearly deviate from normality. These variables were log transformed for correlation analysis. Categorical variables are presented as number (%) and continuous variables as meanGS.D. or median (lower quartile, upper quartile) when appropriate.
Osteocalcin and blood glucose " Simple bivariate correlation between osteocalcin and blood glucose was performed and secondarily adjusted for other variables correlated with osteocalcin using partial correlation method.
Metabolic syndrome " Using t-tests, we performed twogroup comparisons of osteocalcin between men with or without each individual element of MetS and between men with or without MetS. Then, the association between the presence of MetS and osteocalcin was assessed using logistic regression adjusted for age, 25OHD, testosterone, physical activity (h/month), tobacco smoking (yes/no), and alcohol intake (quartiles of the average weekly intake). We checked that all the included continuous predictors displayed linear relationship with MetS. We did not include in the model BMI or hip-waist ratio because they were significantly correlated with the abdomen perimeter, already a criterion of MetS. In addition, we added to the logistic model other bone markers (PINP, bCTX, and BAP) one by one and compared the fit of the models by likelihood ratio tests (LRT). If addition of one bone marker increased the fit of the model, we checked whether osteocalcin stays significant.
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Osteocalcin and MetS severity " A comparison of osteocalcin levels across the number of components of MetS was made using ANOVA with post hoc analysis (TukeyKramer test). We considered the number of MetS traits as ordinal variables and used a polytomous logistic regression model to assess the relationship between the severity of MetS and osteocalcin levels. A polytomous logistic regression is a regression model which generalizes logistic regression by allowing more than two discrete outcomes. It is a model that is used to predict the probabilities of the different possible outcomes of a categorically distributed dependent variable (here being severity of MetS), given a set of independent variables (here being osteocalcin level and adjustments variables). First, we tested the asumption of proportional odds, which assumes that the odds of response below a given response level are constant, regardless of which level is selected as the reference. Secondly, we used a generalized logit model in which one odds ratio (OR) for each modality of response variable was estimated. This model was adjusted for age, 25OHD, apparent free testosterone, physical activity, tobacco smoking, and alcohol intake.
In addition, we added to polytomous logistic model other bone markers (PINP, bCTX, and BAP) one by one and compared the fit of the models by LRT. If addition of one bone marker increased the fit of the model, we checked whether osteocalcin stays significant. Furthermore, we performed a stepwise analysis of the polytomous logistic regression model.
Results
Baseline characteristics
At baseline, 798 men had osteocalcin measurements. No participant self-reported hyperthyroidism, primary hyperparathyroidism, or Cushing's disease at the time of recruitment. Their average age was 65.3 years and their average BMI was 28.0 kg/m 2 ( Table 1) . Nearly 25% of the cohort self-reported high blood pressure, 15% ischemic heart disease, and 7% diabetes. More than two-thirds of men were current or former smokers.
Correlations between serum osteocalcin and blood glucose
In bivariate analysis, osteocalcin was negatively correlated with blood glucose (r 2 Z0.04; P!0.0001). This association was in the same range as the positive one observed between BMI and blood glucose (r 2 Z0.07; P!0.0001).
Osteocalcin was also significantly negatively correlated with BMI, physical activity, 25OHD, TGs, 17b-estradiol and positively correlated with hip-waist ratio and SHBG (r 2 Z0.01 to 0.02; P!0.02 to !0.001). Osteocalcin was not correlated with age, total cholesterol, and HDL-cholesterol (r 2 Z0.0001 to 0.0025; PO0.05). After adjustment for age, BMI, hip-waist ratio, physical activity, 25OHD, TGs, 17b-estradiol, and SHBG, osteocalcin remained negatively correlated with blood glucose (r 2 Z0.03; P!0.0001).
Osteocalcin and MetS
Thirty percent of the cohort had MetS based on the above definition. In bivariate comparison (Table 2) , osteocalcin was lower in patients with MetS in comparison with normal men (PZ0.033). Interestingly, analysis of the link between osteocalcin and each criterion of MetS showed that osteocalcin was lower in men with elevated blood glucose (R5.6 mmol/l) and marginally lower with an 
Osteocalcin, bone turnover markers, and MetS
As expected, in bivariate analysis, we observed that correlations between osteocalcin and other bone turnover markers (BAP, PINP, and bCTX) were high. Furthermore, we observed that the bone turnover markers were also associated with blood glucose and MetS (simple correlation coefficients were r 2 Z0.008 to 0.012; P!0.02 to !0.001) and that, in the forward stepwise logistic regression model, BAP entered into the model before osteocalcin. Thus, we wanted to test whether osteocalcin was more strongly associated with MetS compared with other bone markers. Bone markers (PINP, BAP, and bCTX) were added one by one to the initial model including osteocalcin (as described above). The effect of the additional marker was assessed using LRT. The addition of PINP or bCTX to the model did not increase its fit (PZ0.44 and PZ0.58 respectively). The addition of BAP increased the fit of the model (PZ0.02), but osteocalcin stayed significant (PZ0.003).
Osteocalcin and MetS severity
In patients with MetS, the higher the number of the MetS traits present, the lower the average osteocalcin level was (PZ0.002 for global ANOVA) (Fig. 3) . In the analysis of the relationship between severity of MetS and osteocalcin, we tested the assumption of proportional odds of a polytomous regression model. Such an assumption was rejected (PZ0.022) indicating that the strength of the relationship between osteocalcin 
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Osteocalcin, bone turnover markers, and MetS severity
The above model was compared with models of osteocalcin and each of bone turnover markers by LRT. We found that the addition of PINP, bCTX, and BAP to the model did not improve its fit (PZ0.31, PZ0.94, and PZ0.12 respectively). Furthermore, in the stepwise analysis of the polytomous logistic regression model adjusted for age, 25OHD, apparent free testosterone, physical activity, tobacco smoking, alcohol intake, and the other bone markers (PINP, bCTX, and BAP), we observed that osteocalcin, age, and apparent free testosterone entered in the model but not other bone markers. This result suggested that osteocalcin was more strongly associated with MetS severity than the other bone turnover markers.
Discussion
In our cohort, we found that the higher the number of MetS criteria, the lower serum total osteocalcin was. Furthermore, MetS was associated with osteocalcin more strongly than with any other bone marker. In addition, the strength of the association between osteocalcin and MetS increased with the number of traits, thereby indicating that lower osteocalcin was associated with MetS severity in our population of older Caucasian men. These results are clinically relevant because the severity of MetS, defined as the number of traits, is associated with the severity of subclinical atherosclerosis (22) . It is also clinically relevant because we previously showed that baseline osteocalcin was associated with the progression rate of abdominal aortic calcification and 10-year overall survival (23) . As severe abdominal aortic calcification is an intermediate criterion of cardiovascular morbidity and mortality in the general population (24, 25) , it may be relevant to study whether low osteocalcin level is an independent indicator of higher cardiovascular risk in older men.
Moreover, our findings regarding the relationship between MetS and osteocalcin are consistent with the metabolic phenotype observed in mice lacking osteocalcin (9) or its receptor Gprc6a (12, 26) . The initial phenotype description of osteocalcin-deficient mice highlighted that these mice were characterized by insulin resistance, overweight, and low insulin secretion (9 
Figure 3
Association between serum osteocalcin levels and the number of MetS traits: no MetS (nZ551), three diagnosis criteria (nZ155), four criteria (nZ72), and five criteria (nZ20). Global ANOVA P value was 0.002. The figure displays significant P values of the post hoc analysis between groups (Tukey-Kramer test). Higher serum concentrations of osteocalcin were associated with severity of MetS (P for trendZ0.008) in a protective way: 10 ng/ml increase in osteocalcin level was associated with a lower prevalence of each category of MetS in comparison to no MetS. The association between osteocalcin and MetS was stronger with higher severity of MetS (PZ0.022 for assumption of proportional odds).
that blood glucose, HbA1c, and adipokines, as well as elevated BMI or fat mass (13, 14, 27, 28, 29) , were associated with serum osteocalcin. Moreover, we have previously shown that after surgical resection of osteoid osteoma in young men, serum osteocalcin level decreased, whereas blood glucose increased, thereby providing the first direct evidence of the action of osteocalcin in humans (30) . Furthermore, our results are in line with those observed by Bao et al. (17) in a high-cardiovascular risk population of men who underwent coronary angiography. The latter also found an association between the decrease in osteocalcin and the increase in the number of MetS components. In a population-based study of older Caucasian men aged over 65 years, Saleem et al. (14) showed that osteocalcin was lower in patients with MetS and that low osteocalcin was associated with an increased prevalence of MetS. In aging men, results were confirmed in the Health in Men Study (15) and in the Longitudinal Aging Study Amsterdam (31) . These studies did not analyze MetS severity. Only a study conducted in younger Chinese men (mean age of 40 years) showed a doseresponse relationship between MetS severity and serum osteocalcin levels. Participants with lower quartiles of serum osteocalcin had higher risk of more severe MetS (16) . These results are consistent with our results. Interestingly, even if osteocalcin is implicated in the regulation of male fertility through the secretion of testosterone (12, 32) , it seems that the action of osteocalcin on glucose metabolism and MetS is conserved and observed in both genders (14, 31, 33, 34) . Furthermore, in addition to the study of Yeap (15) and to our work on a Caucasian population, research has also been conducted on other ethnic groups including Blacks (14) , Chinese (16, 17) , and Koreans (33) , suggesting that osteocalcin metabolic functions initially discovered in rodents (9, 11, 35, 36) are conserved in humans and across ethnic groups. Lastly, a causal relationship in humans has been recently reported with the finding of MetS and primary testicular failure in patients with a genetic dominant-negative mutation of the osteocalcin receptor (GPRC6A) (32) .
On the basis of these initial results, further investigations are needed to evaluate whether therapeutic interventions targeting osteocalcin may improve the severity of MetS or elements thereof. Currently, there is no drug available for humans to target osteocalcin or its receptors. In mice, recombinant osteocalcin has been successfully used to treat WT mice fed high-fat diet. This was first established with continuous infusion of osteocalcin through pumps (37) and confirmed with daily i.p. injections (38) . In the daily injection protocol for instance, on normal chow, treatment by osteocalcin improved glucose tolerance and insulin sensitivity as well as increased insulin secretion which was accompanied by a significant expansion of the b-cell mass. Glucosestimulated insulin secretion test demonstrated that insulin secretion was dose-dependently increased. Next, following 2 months' high-fat diet induction of obesity, diabetes and liver steatosis, mice were allocated to receive osteocalcin daily injections or placebo. Osteocalcin treatment reduced body weight gain and improved glucose tolerance and insulin tolerance in comparison with placebo after 8 weeks of treatment. An increase in energy expenditure through high mitochondrial capacity was also observed. In addition, liver histological analysis after treatment revealed a disappearance of the steatosis (38) . Human interventions to increase osteocalcin serum levels have been tested indirectly. In a pilot study in obese patients submitted to either an aerobic or a power acute exercise (39) , the reduction in serum glucose post-acute exercise at 2 h was correlated with the percentage change of uncarboxylated osteocalcin, especially in the aerobic program. In addition, a post hoc analysis of the PaTH study (PTH 1-84 vs alendronate) showed that higher increase in uncarboxylated osteocalcin at 3 month was associated with higher increase in adiponectin and greater decrease in body weight and fat mass at 1 year (40) . Common metabolic parameters, such as blood glucose and insulin, were not significantly associated but blood withdrawals were not done on morning fast samples. Altogether, the physiology observed in rodents, the continuous relationship observed in our study and the latter results of indirect intervention are very promising and provide a rationale to decipher the underlying mechanism of the action of osteocalcin on MetS in humans.
Our study has limitations. The cohort includes predominantly lower-and middle-class Caucasian men and the data cannot be extrapolated to women or to men from other ethnic groups. They were recruited in a small town and its population may not be representative of the general population in France. In addition, lifestyle factors were self-reported. As it is a cross-sectional study, causeeffect relationships cannot be firmly established. Finally, we did not measure undercarboxylated osteocalcin because our serum samples were collected more than 15 years ago.
In conclusion, our study shows that the level of total osteocalcin was associated with MetS severity in older Caucasian men. MetS severity was associated with osteocalcin more strongly than with any other bone
